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EXECUTIVE S U L W \ K Y  REPORT 
ABLATIVE  HEAT  SHIELD  ESIGN FOB SPACE SHUTTLE 
By Rolf W .  S e i f e r t h  
M a r t i n  M a r i e t t a  C o r p o r a t i o n  
Denver  Divis ion 
SUMMARY 
S t a t e - o f - t h e - a r t  a b l a t i v e  materials were u s e d  t o  d e s i g n  a 
t h e r m a l  p r o t e c t i o n  s y s t e m  (TPS) f o r  t h e  S p a c e  S h u t t l e  O r b i t e r .  
An " a b l a t o r  t r a j e c t o r y "  was d e v e l o p e d  w i t h i n  L11e bounds  of  2.5-g 
a c c e l e r a t i o n  and 300 kW/m' (26  B tu / f t ' - s ec )  h e a t i n g  r a t e  a t  t h e  
r e f e r e n c e   p o i n t   1 5 . 2 4  m ( 5 0  f t )  a f t  o f  t h e  fusr2lag.e nose 0x1 t h e  
b o t t o m   c e n t e r l i n e .  An "RSI  t r a j e c t o r y "  was a l s o  d e v e l o p e d   f o r  
d e s i g n   c o m p a r i s o n   p u r p o s e s .   T h i s   t r a j e c t o r y   w a s   s h a p e d   t o   m i n i -  
m i z e  h e a t i n g  r a t e  w i t h i n  t h e  limits o f  s k i p o u t  d u r i n g  r e e n t r y .  
H e a t i n g  ra tes  and t o t a l  h e a t s  were d e v e l o p e d  f o r  t h e  t o t a l  O r b i t e r .  
A b l a t i v e  h e a t  s h i e l d  d e s i g n s  were de r ived  fo r  numerous  loca t ions  
on the  Orb i t e r  u s ing  d i r ec t  bond  and  mechan ica l ly  a t t ached  con-  
c e p t s .  A r e u s a b l e   s u r f a c e   i n s u l a t i o n  (RSI )  TPS w a s  a l s o  deve l -  
oped fo r   we igh t   compar i son   pu rposes .   Rad ian t   hea t  tests were 
c o n d u c t e d  o n  m e c h a n i c a l l y  a t t a c h e d  a b l a t o r  s p e c i m e n s  t o  v e r i f y  
d e s i g n  c o n c e p t s .  
A c o s t  a n a l y s i s  was p repa red   fo r   t he   va r io l~s   hea t   sh i e1 .d   con-  
cepts .   Weight  was cons ide red  as a c o s t   f a c t o r   b y   d e t e r m i n i n g  a 
c o s t  p e r  pound t o  o r b i t  u s i n g  t h e  " P r e l i m i n a r y  T r a f f i c  Model f o r  
t h e  Space Shut t le ,"  (Shut t le  Uti l izat ion Planning.Off ice ,  NASA-MSFC, 
November 9, 1972).  Ablator TPS operation w a s  assumed f o r  t h e  
first f ive  years  of Shut t le  se rv ice .  Cost da ta  were derived for 
the operational phase and f o r   r e l i a b i l i t y ,  which w a s  t r e a t e d  as 
a quali ty assurance i tem. The sum of the weight costs,  operational 
cos t s ,  and r e l i a b i l i t y   c o s t s  was used to  r a t e  t he  va r ious  hea t  
shield concepts and s e l e c t  t h i s  optimum ablator  configurat ion.  
The d i r e c t  bond a b l a t o r  s y s t e m  h a d  Che lowesl:  weigh^ znd pro- 
gram  cos t   o f  a l l  t he   sys t ems   examined .   Xechan ica l ly   a t t ached  
p l a t e s  w i t h  a b l a t o r  b o n d e d  t o  them are  v e r y  c o m p e t i t i v e  f o r  b c t h  
we igh t   and   cos t .  
A de ta i led  descr ip t ion  of  th i s  work i s  g iven  in  NASA CR- 
132282, "Ablative Heat Shield Design for Space Shut t le ,"  by 
Rolf W. Se i f e r th .  
I .  INTRODUCTION 
Ab la to r s  are a w e l l - e s t a b l i s h e d  s y s t e m  o f  t h e r m a l  p r o t e c t i o n , .  
having  been  used  on  such  vehic les  as Apollo,  Gemini ,  Viking space-  
c r a f t ,  X-15 ,  T i t a n ,  PRIME, a n d   o t h e r s .   T h e   n e e d   f o r   a b l a t o r  re- 
f u r b i s h m e n t  f o l l o w i n g  e a c h  f l i g h t  i s  a drawback  of t h i s  t h e r m a l  
p r o t e c t i o n  s y s t e m  (TPS)  and h a s  l e d  NASA a n d  i n d u s t r y  i n t o  t h e  
deve lopmen t   o f   r eusab le   su r f ace   i n su la t ion   (RSI )   ce ramics .   The  
RSI sys t em o f  the rma l  p ro tec t ion  has  been  base l ined  fo r  u se  on  
t h e  S h u t t l e  O r b i t e r .  
Much work  needs  to  be  done  to  qua l i fy  the  RSI f o r  S p a c e  
S h u t t l e  a p p l i c a t i o n  a n d ,  t o  q u o t e  E .  S .  Love ( r e f .  1) f r o m   t h e  
Tenth Von Karman L e c t u r e ,  " A b l a t o r s  o f f e r  a c o n f i d e n t  f a l l - b a c k  
s o l u t i o n  ( t e m p o r a r y )  f o r  b o t h  l e a d i n g  e d g e s  a n d  l a r g e  s u r f a c e  
areas ,  shou ld  deve lopmen t  o f  t he  base l ine  approaches  l ag . "  
I n  t h e  p a s t ,  a b l a t o r  s y s t e m s  h a v e  b e e n  b o n d e d  d i r e c t l y  o n t o  
t h e   s t r u c t u r e s   t h e y  are d e s i g n e d   t o   p r o t e c t .  While t h i s   a p p r o a c h  
i s  bo th  low i n  w e i g h t  and c o s t  e f f e c t i v e ,  i t  has  the  d rawback  fo r  
t h e  S h u t t l e  O r b i t e r  o f  t a k i n g  up c r i t i c a l  t u r n a r o u n d  t i m e  f o r  re- 
f u r b i s h m e n t   b e t w e e n   f l i g h t s ,   a n d ,   d u r i n g   r e f u r b i s h m e n t ,  creates 
a p rob lem o f  deb r i s  and  dus t  con t ro l .  
T h i s  p r o g r a m  i n v e s t i g a t e d  S h u t t l e  O r b i t e r  TPS des ign  concep t s  
u s i n g   a v a i l a b l e   s t a t e - o f - t h e - a r t   a b l a t o r s .  An end   ob jec t ive   o f  
the program was t o  o b t a i n  a b l a t o r  TPS weight  and  cos t  estimates 
based on d e t a i l e d ,   v e r i f i e d   h e a t   s h i e l d   d e s i g n s .  R S I  c o s t  es t i -  
mates were n o t  p a r t  o f   t h i s   p r o g r a m .  Direct bond a b l a t o r  and RSI 
d e s i g n s  were p repa red   fo r   we igh t   compar i son   pu rposes .  A k e y  p a r t  
of t h e  e f f o r t  d e a l t  w i t h  m e t h o d s  o f  m e c h a n i c a l l y  a t t a c h i n g  p r e -  
p a r e d   a b l a t o r   p a n e l s   o n t o   t h e   O r b i t e r .   R a d i a n t   h e a t  tests were 
c o n d u c t e d  t o  v e r i f y  t h e  d e s i g n  c o n c e p t s .  
The  program was d i v i d e d  i n t o  f i v e  t a s k s :  
Task 1 - Design Cri ter ia ;  
Task 2 - Fl ight  Envi ronment ;  
Task 3 - Heat Sh ie ld  Des igns ;  
Task 4 - D e s i g n  V e r i f i c a t i o n ;  
Task 5 - Weight and Cost Analysis.  
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11. DESIGN C R I T E R I A  (TASK 1) 
Design c r i t e r i a  were p r e p a r e d  t o  d e v e l o p  v a l i d  h e a t  s h i e l d  
c o n f i g u r a t i o n s  f o r  t h e  t o t a l  e n v i r o n m e n t  f r o m  p r e l a u n c h  t h r o u g h  
reent ry   and   landing .  Criteria were p r e p a r e d   f o r   t h e   t r a j e c t o r y  
d e f i n i t i o n  a n d  f o r  t h e  t h e r m a l  and stress a n a l y s i s .  
Fac to r s   o f   Sa fe ty  
S a f e t y  f a c t o r s  on l o a d s  a n d  p r e s s u r e s  f o r  p r e l a u n c h  t h r o u g h  
d e o r b i t  are  b a s e d  o n  e n g i n e e r i n g  p r a c t i c e  d e v e l o p e d  f o r  b o o s t e r s  
a n d   s p a c e c r a f t   a n d   f o r   e n t r y   a n d   a t m o s p h e r i c   f l i g h t .   T h e   s a f e t y  
f a c t o r s  a re  t h o s e  commonly u s e d  i n  t h e  d e s i g n  o f  a i r c r a f t  ( t a b l e  
TABLE 1 .- FACTORS  OF  SAFETY 
Locat ion  
T o t a l  O r b i t e r  
~~ 
T o t a l  O r b i t e r  
Leading  edges  and 
lower  forward 
s u r f a c e s  
Lower s u r f a c e s  
a f t  
Upper  s u r f a c e s  
Ultimate 
f a c t o r  o f  
s a f e t y  
Ultimate L i m i t  l oad  
d e s i g n  (.. design) times ( o r  nominal. ) c o n d i t i o n  h e a t i n g  l o a d  
Through o r b i t  
L i m i t  l oad  Ent ry  I 1 . 5  
L i m i t  l oad  1 . 4  
Ascent  and 
e n t r y  
1 .15  
I 1.50 
Nominal 
h e a t i n g  
load  
Backface   (S t ruc tu ra l )   Tempera tu re  L i m i t s  
The backface  t empera tu re  limits are  a s  f o l l o w s :  
Ab la to r   ond   l i ne  533°K  (500OF) 
Maximum s t r u c t u r a l  t e m p e r a t u r e s  
A t  s t a r t  o f  e n t r y  3 1 1 ° K  (100°F) 
A t  comple t ion  o f  en t ry  450°K (350OF) 
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A b l a t o r  S t r a i n  L i m i t s  
A b l a t o r s  h a v e  c h a r a c t e r i s t i c a l l y  low mechan ica l  p rope r t i e s .  
A l t h o u g h  v a l u e s  f o r  c h a r r e d  materials are d i f f i c u l t  t o  a s c e r t a i n ,  
t h e  f o l l o w i n g  room t e m p e r a t u r e  p r o p e r t i e s  are t y p i c a l :  
S t r e n g t h  480 kN/m2 (70  p s i )  
Modulus 20 700 kN/m2 (3000 p s i )  
I n  a d d i t i o n ,  t h e  f o l l o w i n g  i n d u c e d  s t r a i n  limits have been devel-  
o p e d  f o r  t h e  V i k i n g  P r o j e c t  : 
Virgin   Char red  
T e n s i o n   s t r a i n  1.0% 0.6% 
C o m p r e s s i o n   s t r a i n , 1 .O% 1.0% 
S t r e n g t h  A n a l y s i s  
The a b l a t i o n  material i s  n o t  c o n s i d e r e d  l o a d  c a r r y i n g ,  b u t  
w i l l  b e  i n c l u d e d  i n  t h e r m a l  a n d  m e c h a n i c a l  d e f l e c t i o n  a n a l y s i s  t o  
d e t e r m i n e  t h e  s t r a i n  i n  t h e  a b l a t i o n  material. The   subpanel  w i l l  
b e  c a p a b l e  o f  c a r r y i n g  d e s i g n  l o a d s  w i t h o u t  t h e  a b l a t o r ,  a n d  w i t h -  
o u t  e x c e e d i n g  t h e  f o l l o w i n g  s u r f a c e  w a v i n e s s  d e f l e c t i o n  c r i t e r i a :  
H = 0.0125L l i m i t  
L = p a n e l  wave l e n g t h  
H = maximum d e f l e c t i o n  (wave h e i g h t )  
111. FLIGHT ENVIRONMENT (TASK 2 )  
O r b i t e r  f l i g h t  e n v i r o n m e n t s  were d e f i n e d  f o r  t h e  b o o s t ,  o r b i t ,  
a n d   e n t r y   c o n d i t i o n s .   A i r l o a d s   a n d   t h e r m a l   h i s t o r i e s  were e s t a b -  
l i s h e d ,   i n c l u d i n g   i n t e r f e r e n c e   h e a t i n g   d u r i n g   a s c e n t .   H e a t i n g  
l o a d  d i s t r i b u t i o n s  a c c o u n t e d  f o r  t h e  v a r i a n c e s  i n  time a t  which 
t r a n s i t i o n   f r o m   l a m i n a r   t o   t u r b u l e n t   f l o w   o c c u r s .  Flow t r a n s i -  
t i on  nea r  t he  fuse l age  nose  and  wing  l ead ing  edge  occur s  s eve ra l  
hundred   s econds   fo l lowing   peak   hea t ing .   Fu l ly   t u rbu len t   f l ow was 
assumed t o  o c c u r  a t  a l o c a t i o n  twice t h e  l e n g t h  of t h e  t r a n s i t i o n  
o n s e t   l e n g t h .   T r a n s i t i o n   f r o m   l a m i n a r   f l o w  was c o n s i d e r e d   t o   o c -  
cur when: 
Re e = 10 
El, (?) O S 2  
where 
Ree = l o c a l  Reynolds number based on momentum t h i c k n e s s  
% = l o c a l  Mach number 
= l o c a l  u n i t  R e y n o l d s  number 
Tra j ec to ry   Shap ing  
D e s i g n  e n t r y  t r a j e c t o r i e s  were e s t a b l i s h e d  f o r  t h e  a b l a t o r  
TPS and t h e  RSI TPS. The a b l a t o r  t r a j e c t o r y  w a s  s h a p e d   t o   t a k e  
a d v a n t a g e  o f  a b l a t o r ' s  h i g h  h e a t i n g  r a t e  c a p a b i l i t y ,  a s  i n d i c a t e d  
i n  f i g u r e  1. The maximum h e a t  r?te t r a j e c t o r y  w i t h i n  t h e  a c c e l -  
e r a t i o n  l i m i t  of   2 .5  g y i e l d s  a q = 0.802 MW/m2 ( 7 0 . 7  B t u / f t 2 -  
s e c )   a t   t h e   r e f e r e n c e   p o i n t .  With a t h e r m a l   d e s i g n   f a c t o r   o f  
s a f e t y  o f  1 . 1 5 ,  t h e  d e s i g n  h e a t  ra te  equa l s   0 .938  MW/m2 (81 .3  
Btujf t  -set). S i n c e  s~,$-561* ablat9r i s  l imited t o  a maximum heat- 
i n g  rate o f  0,692 MW/m (60 B tu / f t  -sec) ,  t h e  en t i r e  lower sur- 
face of t h e  Orbiter w o u l d  r e q u i r e  t h e  h i g h e r  densi t ies  of ESA- 
3560HF* and ESA 5500*. Reduc ing  the  entry a n g l e  a n d  h e a t i n g  ra te  
t o  0.300 MW/m2 ( 2 6  B t u / f t 2 - s e c )  a t  t h e  r e f e r e n c e  p o i n t  p e r m i t s  
use  q f  low d e n s i t y  SLA-561 o v e r  9 8 %  o f  t h e  O r b i t e r  s u r f a c e  a r e a .  
The q = 0.300 MW/m2 (26  B t u / f t 2 - s e c )  a t  t h e  r e f e r e n c e  p o i n t  was 
t h e r e f o r e   d e s i g n a t e d  as t h e   a b l a t o r   d e s i g n   t r a j e c t o r y .  The RSI 
t r a j e c t o r y  was shaped  to  t ake  advan tage  o f  t he  ce ramic  TPS low 
t h e r m a l   c o n d u c t i v i t y   f o r   t o t a l   h e a t   i n s u l a t i o n .  By r e d u c i n g  
e n t r y  a n g l e  t o  t h e  s k i p o u t  l i m i t ,  h e a t  r a t e  i s  minimized  and 
t o t a l  h e a t  m a x i m i z e d  r e s u l t i n g  i n  a n  e f f i c i e n t  RSI  TPS d e s i g n .  
Loca l  s t a t i c  p r e s s u r e  h i s t o r i e s  were p r e p a r e d  f o r  t h e  O r b i t e r  f o r  
a s c e n t   a n d   e n t r y .  The l a t t e r  h i s t o r y  i s  p r e s e n t e d   i n   f i g u r e  2 .  
T h e s e  p r e s s u r e s  are u s e d  f o r  t h e  a b l a t o r  s u b p a n e l  d e s i g n .  
2 
Heat ing  Rate D i s t r i b u t i o n s  
Heat ing  r a t e  d i s t r i b u t i o n s  n o r m a l i z e d  t o  t h e  r e f e r e n c e  p o i n t  a 
a t  t h e  l o w e r  f u s e l a g e  c e n t e r l i n e  1 5 . 2 4  m (50 f t )   a f t  o f  t h e  f u s e -  
l a g e  n o s e  were p r e p a r e d  f o r  t h e  a b l a t o r  a n d  R S I  t r a j e c t o r i e s  ( f i g s .  
3 and 4 ,  r e s p e c t i v e l y ) .  
* 





TIME FROM 12 I .92 km, 
400 000 ft (seconds) 
Figure  1.- Tra jec tory  Shaping  
800 I600 2400 
TIME FROM  ENTRY (seconds) 
Figure  2 , -  E n t r y  L o c a l  S t a t i c  P r e s s u r e . H i s t o r y  a t  Body 
Lower Cen te r l ine  Refe rence  Loca t ion  
6 
Figure 3 . -  Entry Heating Rate - Ablator Trajectory 
(Without Factors of Safety)  
NOTE: 
I .  e = 30° 
Reference L0cotion”l 
d,,; 145 kW/m2 (12.8 Btu/ft“-sec) 
15.24m (50 R) Aft of Nose 
Figure 4 . -  Entry Heating Rate - R S I  Trajectory 
(Without Factors of Safety) 
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I V .  HEAT SHIELD DESIGNS  (TASK 3) 
T h e  c o n t r a c t u a l  p r o g r a m  i n v e s t i g a t e d  n u m e r o u s  l o c a t i o n s  o n  
t h e  O r b i t e r  t o  e s t a b l i s h  h e a t  s h i e l d  c o n f i g u r a t i o n s ,  w e i g h t s , . a n d  
c o s t s .   T h e   b a s e l i n e   m e t h o d   o f   a b l a t o r   a t t a c h m e n t  was d i r e c t  b o n d .  
A l t e r n a t i v e  c o n f i g u r a t i o n s  i n v e s t i g a t e d  were: 
1)   Abla tor   bonded   to  a subpane l   p l a t e   and   mechan ica l ly  at-  
t a c h e d  d i r e c t l y  t o  t h e  O r b i t e r  s t r u c t u r e ;  
2 )   Abla tor   bonded   to  a subpane l  honeycomb panel  and  mechani- 
c a l l y  a t t a c h e d  d i r e c t l y  t o  t h e  O r b i t e r  s t r u c t u r e ;  
3 )   Ab la to r   bonded   t o  a subpane l  honeycomb panel  and  mechani- 
c a l l y  a t t a c h e d  t h r o u g h  s t a n d o f f  f i t t i n g s  t o  t h e  O r b i t e r  
s t r u c t u r e .  
The v a r i o u s  a b l a t o r  a t t a c h m e n t  c o n f i g u r a t i o n s  are  shown i n  f i g u r e  
5.  
Each   conf igu ra t ion  was examined f o r  12.7-cm ( 5  i n . ) ,  25.4-cm 
(10  in . )  , 38.9-cm (15 i n . )  , and 50.8-cm (20 in . )  a t t achmen t  spac -  
i n g   f o r   w e i g h t   a n d   c o s t   o p t i m i z a t i o n .   I n   a d d i t i o n ,   f o u r  materials 
o f   c o n s t r u c t i o n   f o r   t h e   s u b p a n e l  were s t u d i e d :  aluminum  2024-T81, 







Honeycomb  Standoff Subpanel Honeycomb Subpanel 
Aluminum 2024-T81 Aluminum 2024-T8 I 
Graphite Polyimide Magnesium HM-21A Graphite  Polyimide 
Direct  Bond 
Through Strain Waior 
F i g u r e  5.- A t t a c h m e n t  C o n f i g u r a t i o n s  I n v e s t i g a t e d  
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Thermal  Analys is  
T h e r m a l  a n a l y s i s  f o r  a b l a t o r  s i z i n g  was c a r r i e d  o u t  w i t h  t h e  
Mar t in  Marietta Thermochemical  Ablation  Program (TCAP 111). Data 
i n p u t  t o  t h i s  p r o g r a m  i n c l u d e  t r a j e c t o r y  da t a ,  i . e . ,  v e l o c i t y ,  
a l t i t u d e ,  h e a t i n g  r a t e ,  and   recovery   en tha lpy;   thermophys ica l  
p r o p e r t i e s  f o r  t h e  a b l a t o r  m a t e r i a l  a n d  b a c k u p  s t r u c t u r e  mate- 
r i a l s ;  a b l a t i o n  k i n e t i c s ;  a n d  g e o m e t r y  o f  t h e  m o d e l  b e i n g  a n a l y z e d .  
A n a l y s i s  r e s u l t s  i n c l u d e  t i m e - t e m p e r a t u r e  d i s t r i b u t i o n s  t h r o u g h -  
out   the  model   and a t i m e - d e n s i t y  p r o f i l e  t h r o u g h  t h e  a b l a t i v e  
material. , .  
A n a l y s i s  f o r  s i z i n g  t h e  RSI m a t e r i a l  a n d  f o r  d e v e l o p i n g  b a c k -  
up s t r u c t u r e  m o d e l i n g  t e c h n i q u e s  was c a r r i e d  o u t  w i t h  t h e  M a r t i n  
Marietta Three  Dimensional Heat Transfer   p rogram.  Data inpu t   and  
a n a l y s i s  r e s u l t s  a r e  similar t o  TCAP I11 excep t  t ha t  no  cons id -  
e r a t i o n s  are made f o r   a n   a b l a t i o n   p r o c e s s .   B o t h   p r o g r a m s   a l l o w  
f o r  v a r i a t i o n s  o f  c o n d u c t i v i t y  w i t h  p r e s s u r e  a s  w e l l  as tempera- . 
t u r e .  
A b l a t o r  t h i c k n e s s  d e s i g n  c h a r t s  r e s u l t i n g  f r o m  t h i s  e f f o r t  
are t y p i f i e d  i n  f i g u r e  6 .  T h e   r e q u i r e d   a b l a t o r   t h i c k n e s s   i n   t h i s  
f i g u r e  is based  on  an  en t ry  s ta r t  tempera ture  of  311°K (100°F) 
and a l i m i t  on maximum s t r u c t u r a l  t e m p e r a t u r e  a f t e r  e n t r y  o f  450°K 
(350°F). An a d d i t i o n a l   g r o u n d   r u l e   a s s u m e s   t h a t   t h e   h e a t i n g   f a c -  
t o r ,  F i s  t h e   r a t i o   o f  maximum l o c a l   h e a t i n g   r a t e - t o - r e f e r e n c e  4 ’  
h e a t i n g  r a t e  a t  e v e r y  p o i n t  o n  t h e  v e h i c l e  a n d  i s  e q u a l  t o  a s i m -  
i l a r  r a t i o  f o r  t o t a l  h e a t s ,  i . e . ,  
(41oJ;Ir.f) - Q l o c / Q r e f *  
- 
max 
The f i g u r e  i s  u s e f u l  i n  t h a t ,  k n o w i n g  t h e  t o t a l  h e a t  c a p a c i t y  o f  
t h e  l o c a l  s t r u c t u r e ,  s u b p a n e l ,  b o n d l i n e s ,  e t c . ,  t o  b e  p r o t e c t e d ,  
($ 1 rpCp , t h e  a b l a t o r  t h i c k n e s s  c a n  b e  d e t e r m i n e d  f o r  a n y  p o i n t  
o n  t h e  O r b i t e r  s u r f a c e .  
An example i s  g iven ,  based  on  a p o i n t  o n  t h e  v e h i c l e  b o t t o m  
c e n t e r l i n e  t h a t  is 15.24 m ( 5 0  f t )  a f t  o f  t h e  n o s e .  Here t h e  h e a t -  
i n g  r a t i o  ( f i g .  3) i s  1.00,  a m p l i f i e d  b y  t h e  a p p r o p r i a t e  f a c t o r  f r o m  
from table  1 t o  y i e l d  a f ac to r   o f   1 .15 .   The   nonab la to r   componen t s  
a t  t h i s  l o c a t i o n  a n d  t h e i r  p h y s i c a l  a n d  t h e r m a l  d e s c r i p t i o n s  are 
p r e s e n t e d  i n  t a b l e  2 .  C o r r e s p o n d i n g l y  >: -rpCP = 10.3 kJ/m2 O K  n 
i 
(0 .00351   B tu / in .2  O F ) .  E n t e r i n g   f i g u r e  6 wi th   t h i s   a rgumen t   and  
F. = 1 . 1 5  y i e l d s  a r e q u i r e d  t h i c k n e s s  o f  SLA-561 of  4.32 c m  
(1 .70  i n . ) .  
9 
9 
L I I I I I I I 1 I I 
4 6 8 IO 12 14 
(k  J / ~ ~ o K )  
TOTAL HEAT CAPACITY, n qpicpi 
I 
F i g u r e  6. -  SLA-561 Abla tor  Des ign  Char t  
TABLE 2 . -  THERMAL CHARACTERISTICS OF NONABLATOK COMPONENTS 
Item 
O r b i t e r  
S t r u c t u r e  




M a t e r i a l  I Thickness  I Densi ty  
cm l b / i n .  kg/m3 i n .  
*luminum I I I I 0.262 0.103 2768 0.100 
RT V 
Adhesive I 1 1 I 0 . 0 7 6  0.030 1495 0.054 
0 .079 0.031 2768 0.100 
C 
P 
Heat   Capaci ty  
k J / k g  O K  
0.225 0.941 
B t u / l b  OF 
1 . 2 5 5  
0 . 2 2 5  0 . 9 4 1  
0.300 
1 0  
S t r e s s  A n a l y s i s  
The p l a t e  and  honeycomb subpane l s  are  des igned  by  loca l  ae ro -  
dynamic a i r l o a d s   ( s e e   t a b l e  3 ) .  O r b i t e r   s t r u c t u r a l   s t r a i n s  are 
i so l a t ed  f rom the  subpane l s  by  us ing  a m e c h a n i c a l  f a s t e n e r  i n  a n  
ove r s i zed   ho le .   The  s t r a i n s  a n d   d e f l e c t i o n s  of  t h e   s u b p a n e l s  
must b e  l i m i t e d  t o  p r e v e n t  i n d u c e d  s t r a i n s  i n  t h e  a b l a t o r  f r o m  
exceeding 1% and t o  limit s u r f a c e  w a v i n e s s  t o  less than  0.0125 
times the   a t t achmen t   spac ing .   Subpane l   ove ra l l   d imens ions  are  
l i m i t e d  by h a n d l i n g  c a p a b i l i t i e s .  A 107-cm ( 4 2  i n . )   b y  107-cm 
(42  i n . )   p a n e l   s i z e  was s e l e c t e d   f o r   t h i s   p r o g r a m .   S i n c e   t o t a l  
h e a t  s h i e l d  w e i g h t  a n d  c o s t  o p t i m i z e s  w i t h  small a t tachment  spac-  
i n g  [less t h a n  25.4  c m  (10 i n . )  1 ,  t h e  a n a l y t i c a l  m e t h o d s  f o r  i n -  
t e r n a l  l o a d s  p r e d i c t i o n s  were s e l e c t e d  f r o m  references 2 and 3. 
TABLE 3.- DESIGN LOADING CONDITIONS 
Conf igu ra t ion  
P l a t e  s u b p a n e l  
mechanica l ly  
a t t a c h e d  d i r e c t l y  
t o  t h e  O r b i t e r  
s t r u c t u r e  
Honeycomb sub- 
panel mechani- 
c a l l y  a t t a c h e d  
d i r e c t l y  t o  t h e  
O r b i t e r  s t r u c t u r e  
Des ign  cond i t ion  
~~~ 
P l a t e  b e n d i n g  s t i f f -  
n e s s  
A b l a t o r  s t r a i n  l i m i t  
of  1% 
I n t r a c e l l   b u c k l i n g  
o f  f a c e  s h e e t  
Honeycomb sub- 
panel mechani- 
c a l l y  a t t a c h e d  
th rough  s t andof f  
f i t t i n g s  t o  t h e  
O r b i t e r  s t r u c t u r e  
I n t r a c e l l  b u c k l i n g  
o f  f a c e  s h e e t  
A b l a t o r  s t r a i n  l i m i t  
of 1% 
P a n e l  f l u t t e r  
Design  load 
6 = 0.0125 !L 
A i r l o a d   ( l i m i t )  = 
3.45 kN/m2 
( 0 . 5  p s i )  
A i r l o a d   ( u l t )  = 
4.85 kN/m2 
( 0 . 7  p s i )  
A i r l o a d   ( l i m i t )  = 
20.7 t o  27.6 kN/m2 
( 3  t o  4 p s i )  
A i r load  (ult) = 
29.0  t o  38.6  kN/m2 
( 4 . 2  t o  5.6 p s i )  
I = CL3/E 
D e s i g n  c r i t e r i a  
r e f e r e n c e  
S e r v i c e  l i f e  
s t r e n g t h  a n a l y s i s  
S e r v i c e  l i f e  
a b l a t o r  s t r a i n  
Environments 
Dressu res  
~ ~~ 
Environments 
p r e s s u r e s  
Environments 
p r e s s u r e s  
S e r v i c e  l i f e  
a b l a t o r  s t r a i n  
Environments 
a c o u s t i c s  
The e f f e c t s  o f  the  s t u d i e s  a r e  shown i n  f i g u r e  7 ;  t a b 1 . e  4 
summar izes  the  op t imum fas t ene r  spac ing  and  conf igu ra t ions  fo r  
a l a r g e  p a r t  of t h e  O r b i t e r .  
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A- Direct Bond AbLator (Ref) 
B- Plate: x- Lockalloy 
y - Magnesium 
t -  Aluminum 
C- Aluminum  Honeycomb 
0- Aluminum H/C + Standoff 
E-  Graphite a Glass H/C + Sta 
F- RSI LI  1500 (Ref) 
G-Mg H/C  and 
Graphite Poly HX: 
H-Mg H/C + Standoff 
A 
1 
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Plate  thickness 12.7 
(5.0) 
Honeycomb, each 


























584 to 2032 














aAttachment  fastener  spacing does not apply for nose  cap 
Figure 7.- TPS Attachment  Configuration  Weight 
vs Fastener Spacing 
I 
T o t a l  Heat Sh ie ld  Conf igu ra t ion  Weigh t s  
T h e  b a s e l i n e  TPS w e i g h t s  were c a l c u l a t e d  i n  d e t a i l .  A r a t i o  
p r o c e s s  w a s  used  for  the  major  components  of t h e  a l t e r n a t e  d e -  
s i g n s .  T h e s e  y i e l d e d  t h e  t o t a l  TPS w e i g h t s  shown i n  f i g u r e  7 .  
V.  DESIGN VERIFICATION (TASK 4 )  
A tes t  program w a s  c o n d u c t e d  t o  e v a l u a t e  t h e  m e c h a n i c a l l y  at- 
tached   hea t   sh ie ld   concept .   The   a luminum  subpanel   sys tem a t  
25.4-cm ( 1 0 - i n . )  f a s t e n e r  s p a c i n g  w a s  s e l e c t e d  as b e i n g  r e p r e -  
s e n t a t i v e  o f  m o s t  o f  t h e  d i r e c t  m e c h a n i c a l l y  a t t a c h e d  c o n f i g u r a -  
t i o n s .   T e s t i n g  w a s  performed i n  t h r e e  p a r t s  as i n d i c a t e d  i n  
t a b l e  5. 
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Primary: Feasibility 
of self-closing gap 
concept 
Secondary: 
a. Motion of subpanel 
plate under stud 
bolt 
bution around stud 
bolt counterbore 
b. Temperature distri- 
~~- 
Resiliency after high 
t ions 
temperature deforma- 
. ~__  
Primary: Feasibility 
of sealed-gap concept 
Secondary: 
a. Motion of subpanel 
bolt 
plate under stud 
bution around stud 
bolt counterbore 
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I 
Test specimens 
1 specimen, approximate 
size 1.12 x 0.56 m 
(44 x 2 2  in.) 
Results 
Full heating profile not 
Indications of incomplete 
0 Indications of inadequate 




ing in counterbore 
17 specimens, 
approximate size 
Blanket material shoved 
1.29 cm (2 x 6 x 0.1 to 
0 Rope material nonresilient 5.08 x 15.24 x 0.254 to 
adequate resiliency 
0.5 in.) 
size 1.12 x 0.56 m 
1 specimen, approximate 
( 4 4  x 22 in.) 
Ascent heating - no ap- 
parent effect  on panel 
Descent heating 
- some backface tempera- 
- high temperature in gap 
ture > 450°K (350°F) 
- indications of inadequate 
- high temperature in subpanel motion 
counterbore 
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Open Gap T e s t  
A b l a t o r  p a n e l s  c a n  b e  i n s t a l l e d  w i t h  a l i m i t e d  w i d t h  g a p  a t  
t h e  j o i n t  b e t w e e n  a d j a c e n t  p a n e l s  0 . 3 1 8  cm f o r  107x107 c m  p a n e l s  
( 1 / 8  i n .  f o r  42x42   i n . ) .  Due t o   t h e   t h e r m a l   c o e f f i c i e n t   o f   e x p a n -  
s i o n  of t h e  a b l a t o r ,  t h e  g a p  c l o s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  
l i m i t i n g   a e r o d y n a m i c   h e a t i n g  a t  t h e   b o t t o m   o f   t h e   g a p .  The e n t r y  
h e a t i n g   p u l s e  was s imula t ed   u s ing   r ad ian t   hea t   l amps .   A l though  
h e a t i n g  w a s  no t  un i form,  some g a p  c l o s u r e  w i t h  a c c e p t a b l e  t e m p e r a -  
t u r e  limits a t  bottom  of  gap w a s  n o t e d .   T h e   a t t a c h i n g   f a s t e n e r s  
t e n d e d  t o  b i n d ,  i n h i b i t i n g  f r e e  t h e r m a l  m o t i o n  o f  t h e  s u b p a n e l .  
T e m p e r a t u r e  i n  t h e  f a s t e n e r  c a v i t y  i n  t h e  a b l a t o r  was not  exces-  
s i v e .  
Gap Sealer Tests 
Candida te  materials were tes ted in  ovens  unde r  de fo rma t ion  
a t  e l e v a t e d   t e m p e r a t u r e s .   S p r i n g b a c k   o r   r e c o v e r y   o f   d e f o r m a t i o n  
f o l l o w i n g   t e m p e r a t u r e   r e d u c t i o n  was m e a s u r e d .   F i v e   t o   t e n   p e r -  
c e n t   s p r i n g b a c k  w a s  d e s i r e d   f o l l o w i n g   h e a t i n g .   O n l y   t h e   F i b e r -  
frax* blanket compressed normal to  the fiber direction Was 
satisfactory. 
Sealed  Gap Test  
A b l a t o r  p a n e l s  c a n  b e  i n s t a l l e d  w i t h  a sealer i n  t h e  j o i n t  
be tween   ad jacen t   pane l s .   Dur ing   a scen t   hea t ing   t he   gap   c loses  
p a r t i a l l y ,  t h e n  o p e n s  w h i l e  i n  o r b i t ,  c l o s i n g  a g a i n  a t  e n t r y .  
The s e l e c t e d  sealer was F i b e r f r a x  b l a n k e t ,  w h i c h  i s  r e s i l i e n t  
enough t o   t a k e   t h e s e   t h e r m a l   c y c l e s .  The tes t  p a n e l  was exposed 
t o   a s c e n t   a n d   e n t r y   h e a t i n g   u s i n g   r a d i a n t   h e a t   l a m p s .   T h e  sealer 
d i d  n o t  p e r f o r m  s a t i s f a c t o r i l y  s i n c e  t e m p e r a t u r e s  were h i g h e r  i n  
t h e   b o t t o m   o f   t h e   g a p   t h a n   u n d e r   t h e   a b l a t o r .   F i b e r f r a x   b l a n k e t  
i s  s t r a t i f i e d  a n d  t h e  t h e r m a l  c o n d u c t i v i t y  i s  t h e r e f o r e  t r a n s -  
v e r s e l y  i s o t r o p i c  w i t h  t h e  l o w  v a l u e s  a c r o s s  t h e  g a p  a n d  t h e  h i g h  
v a l u e s  p a r a l l e l  t o  t h e  g a p .  
* 
Product of the Carborundum Company, Niagara Falls, New York. 
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V I .  WEIGHT AND COST ANALYSIS (TASK 5)  
This  program has  deve loped  des ign  concepts  and  weight  da ta  
f o r  s e v e r a l  c o m p e t i n g  m e t h o d s  f o r  a b l a t o r  a t t a c h m e n t  t o  t h e  
O r b i t e r   s t r u c t u r e .  It  r e m a i n s   o n l y   t o  select  t h e   b e s t   a t t a c h m e n t  
system  on a w e i g h t  a n d  c o s t  b a s i s .  C o m p e t i n g  h e a t  s h i e l d  w e i g h t s  
were c o n v e r t e d  t o  c o s t s  a n d  a d d e d  t o  o p e r a t i o n a l  c o s t s  t o  e s t a b -  
l i s h  t h e  t o t a l  p r o g r a m  c o s t s .  The a b l a t o r  c o n f i g u r a t i o n  c h o i c e  
o n  t h e  b a s i s  o f  minimum p r o g r a m  c o s t s  t h u s  i n c l u d e s  t h e  e f f e c t  
o f  h e a t  s h i e l d  w e i g h t .  
Payload  Weight  Penal t ies  
To a i d  i n  t h e  optimum a b l a t o r  h e a t  s h i e l d  s e l e c t i o n ,  a n  a b l a -  
t o r  h e a t  s h i e l d  w a s  assumed f o r  t h e  f i r s t  f i v e  y e a r s  o r  1 5 1  f l i g h t s  
of   Shut t le   opera t ions- -1979  th rough  1983.   The   payloads   p lanned  
f o r  tha t  per iod  were i d e n t i f i e d  from t h e  MSFC t r a f f i c  model. 
Each  of  the  compet ing  hea t  sh ie ld  des ign  weights  was compared t o  
t h e  p a y l o a d s  o f  t h e  t r a f f i c  m o d e l  a n d  p a y l o a d  w e i g h t  p e n a l t i e s ,  
i f  any were determined.  To a s c r i b e  a d o l l a r  v a l u e  t o  t h e s e  w e i g h t  
p e n a l t i e s ,  a c o s t  p e r  pound t o  o r b i t  was d e r i v e d .  A l l  program 
c o s t s  were a p p o r t i o n e d  a g a i n s t  a l l  t h e  p a y l o a d  w e i g h t .  A DDT&E 
cost  of  $5150M* was apportioned t o  445 f l i g h t s  for a cos t  per  
f l i g h t  o f  $11.57" or $1747.5M for t h e  f i r s t  1 5 1  f l i g h t s .  Added 
t o   t h i s  i s  an operat ional  cost  of  $10.5M** p e r  f l i g h t  o r  $1585.5M 
f o r  t h e  f i r s t  1 5 1  f l i g h t s .  The t o t a l  c o s t  f o r  t h e  f i r s t  f i v e  
y e a r s  of 1 5 1  f l i g h t s  is $3333M. The f i r s t  151 f l i g h t s  c a r r y  a 
t o t a l  o f  2.07 Gg (4.56M lb)   o f   payload .   Div id ing  $3333M by  2.07 Gg 
(4.56M l b )  y i e l d s  a u n i t  c o s t  t o  o r b i t  o f  $ 1 6 1 2 / k g  ( $ 7 3 1 / l b ) .  
Th i s  does  no t  i nc lude  the  cos t s  o f  t he  pay loads  themse lves .  
The  pay load  we igh t  pena l t i e s  fo r  each  o f  t he  compe t ing  ab la -  
t o r  s y s t e m s  was m u l t i p l e d  b y  t h i s  c o s t  p e r  u n i t  w e i g h t  t o  o r b i t  
o f  $1612 /kg  ($731 / lb )  and  added  to  the  ope ra t iona l  cos t s  o f  each  
a b l a t o r  s y s t e m  t o  e s t a b l i s h  a t o t a l  p r o g r a m  c o s t .  The R S I  h e a t  
s h i e l d  w e i g h t  w a s  used as a b a s e l i n e  t o  e s t a b l i s h  p a y l o a d  w e i g h t  
p e n a l t i e s .  I n  many cases, t h e   f u l l   p a y l o a d   w e i g h t   c a p a b i l i t y   o f  
t h e  O r b i t e r  w a s  no t   u sed   due   t o   vo lume   cons t r a in t s .   Th i s   r educed  
payload w a s  used t o  e s t a b l i s h  p a y l o a d  w e i g h t  p e n a l t i e s  ( t a b l e  6 ) ,  
f o r  t h r e e  t y p i c a l  m i s s i o n s .  
* 
Estimated costs used during Shuttle Phase C-D pre-proposal 
b r i e f i n g s .  
** 
Estimated cost given by Bastian Hello, R I ,  a t  AIAA/ASME/SAE 
14 th  S t ruc tu res ,  S t ruc tu ra l  Dynamics,  and Materials Conference, 
Williamsburg, VA, March 20-22, 1973. 
15 
TABLE 6.- THREE MISSIONS OF THE 1981  PERIOD 
F l i g h t   n o .   ( a )   ( p a y l o a d   n o . )  1 5  (NCN-10) 
P a y l o a d   l o a d i n g   f a c t o r  
29  484 kg 65 000 l b  M i s s i o n  c a p a b i l i t y  
0 . 3 1  
38.1-cm ( 1 5   i n . )   f a s t e n e r  
34 0 6 1  k g  75   090   l b  M i s s i o n  s t a n d a r d  w e i g h t  
1 3  7 1 7  kg 30  240 l b  RSI d e s i g n  w e i g h t  
20  344 kg 44   850   l b   Unused   capac i ty  
9 1 4 0  k g  2 0  1 5 0  l b  P a y l o a d  b a y  l o a d  
s p a c i n g ,   d i r e c t   a t t a c h  
a luminum  pa t e  TPS s y s t e m  
w e i g h t  22   128   kg   48   782   lb  
W e i g h t   p e n a l t y  -0-  -0- 
@ $ 1 6 1 2 / k g   ( $ 7 3 1 / l b )  -0- -0- 
18 (NE?.-44) 20 (NEO-16) 
0 . 3 8  0 . 8 3  
20  412 kg 4 5  000 l b  20  412 kg 45 000 l b  
7 757 kg 1 7  100 l b  
1 2   6 5 5  kg 27 9 0 0   l b  
1 6   9 4 2  kg 37  350 l b  
1 7  1 8 7  kg 37  890 l b  26  372 kg 5 8   1 4 0   l b  
1 3  717 kg 30  240 l b   1 3   7 1 7  k g  30  240 l b  
3 470  kg 7 650 l b  
22 1 2 8   k g   4 8   7 8 2   l b  22 128 kg 48  782 l b  
-0- -0- 
$7  962  052  ($7  962  052) -0- -0- 
4 941  kg 10 8 9 2   l b  
I I I I 1 
- N o t e : All w e i g h t  p e n a l t i e s  f o r  a l l  f l i g h t s  a re  added  f o r  t h e  f i r s t  5 y e a r s  ( 1 5 1  f l i g h t s ) .  F o r  t h e  
c a s e  of  3 8 . 1  cm ( 1 5  i n . )  s p a c i n g  d i r e c t  a t t a c h  a l u m i n u m  p l a t e :  




1 9 8 1  
-0- 
$ 1 5   9 2 4  
1982 
1983  348  484 
-0- 
T o t a l   $ 3 6 4 408K 
-~ 
I ( T h i s  TPS System) Average   Weight   Pena l ty  1 = $36:5,-08K = $2413K/Fl ight  
a R e f e r e n c e  1 n o m e n c l a t u r e .  
A l l  t h e  p a y l o a d  p e n a l t i e s  f o r  a l l  f l i g h t s  were a d d e d ,  r e s u l t -  
i n g  i n  $364M c o s t  p e n a l t i e s  f o r  t h e  aluminum subpanel with 38-cm 
( 1 5  i n . )  s p a c i n g ,  t h e  e x a m p l e  i n  t a b l e  6 .  
O p e r a t i o n a l  C o s t s ,  TPS 
O p e r a t i o n a l  c o s t s  are t h e  f a b r i c a t i o n ,  r e f u r b i s h m e n t ,  a n d  
q u a l i t y  a s s u r a n c e  t a s k s  i n c u r r e d  d u r i n g  t h e  151 f l i g h t  p r o g r a m .  
T h e s e   c o s t s   i n c l u d e :  
1) Abla to r  slab raw materials a n d   f a b r i c a t i o n   i n c l u d i n g  
s c r a p p a g e  ( t h i s  a c c o u n t s  f o r  3 / 4  o f  t h e  o p e r a t i o n a l  c o s t ) ;  
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Subpanel  raw materials a n d  a s s e m b l y  c o s t s ,  i n c l u d i n g  
sc rappage  ; 
Assembly  of a b l a t o r  s l a b  t o  t h e  s u b p a n e l ;  
I n s t a l l a t i o n  o f  a b l a t o r  p a n e l  a s s e m b l y - - t o o l s  a n d  l a b o r ;  
Removal  of  used  ab la tor  pane ls - - too ls  and  labor ;  
R e p a i r  materials and  l abor  due  to  damage from handling 
d u r i n g  p a c k i n g ,  s h i p p i n g ,  s t o r a g e  a n d  i n s t a l l a t i o n ;  
Bond l i n e  i n s p e c t i o n ;  
M e c h a n i c a l  f a s t e n e r  i n s p e c t i o n ;  
S u b p a n e l  f a b r i c a t i o n  i n s p e c t i o n ;  
R e f u r b i s h m e n t  c l e a n l i n e s s  i n s p e c t i o n ;  
I n s p e c t i o n  f o r  damage f o l l o w i n g  a b l a t o r  i n s t a l l a t i o n ;  
I n s p e c t i o n  o f  r e p a i r e d  areas. 
The t o t a l  o p e r a t i o n s  c o s t s ,  t a b l e  7 ,  show t h e  d i r e c t  bond h e a t  
shield and the aluminum and magnesium subpanel  mechanical ly  at-  
t a c h e d  h e a t  s h i e l d s  t o  b e  v e r y  c o m p e t i t i v e  w i t h  t h e  l o w e s t  c o s t  
25.4-cm (10 i n . )   f a s t e n e r   s p a c i n g   s u b p a n e l s .   T h i s  i s  d u e   t o   t h e  
r e d u c t i o n  i n  a b l a t i v e  materials r e q u i r e d  a n d  l o w e r  i n s t a l l a t i o n  
c o s t s   d u e   t o  smaller numbers   o f   fas teners .  An i l l u s t r a t i o n  o f  
t h e  p r o p o r t i o n a l  e f f e c t s  of  elements  of TPS o p e r a t i o n a l  c o s t s  
is p r e s e n t e d  i n  f i g u r e  8. 
Tota l  Program Costs  
The i n c l u s i o n  o f  t h e  h e a t  s h i e l d  w e i g h t  as a payload weight  
p e n a l t y  c o s t  h a s  a d i r e c t  e f f e c t  on  de te rmining  the  opt imum hea t  
s h i e l d  s e l e c t i o n  ( t a b l e  8 ) .  The d i r e c t  bond  sys tem  has   the  low- 
est t o t a l  p rogram cos t ,  fo l lowed c lose ly  by  the  magnes ium and 
aluminum subpanel  plate  systems a t  12.7-cm (5  i n . )  f a s t e n e r  s p a c -  
ing.   The  low  operational  cost   magnesium  and  aluminum  subpanels 
a t  25.4-cm (10 i n . )  s p a c i n g  are p r o h i b i t i v e l y  h e a v y  as is  shown 
by t h e  $34.9M and $76.9M p a y l o a d  w e i g h t  p e n a l t i e s .  F o r  t h e  d i r e c t  
bond sys t em,  the  e f f ec t  o f  dus t  and  debr i s  and  tu rna round  time 
w a s  n o t  e v a l u a t e d .  
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TABLE 7 .- OPERATIONAL COSTS 
Subpanel  
bond 
D i r e c t  
Aluminum 
p l a t e  
Nagnesium 
p l a t e  
p l a t e  





G r a p h i t e  
composi te  
honeycomb 
Aluminum 
p l a t e  
Magnesium 
p l a t e  
p l a t e  





G r a p h i t e  
honeycomb 
composi te  
F a s t e n e r  
s p a c i n g  
N .  A. 
12.7 cm 
(5 i n . )  
( 1 0   i n . )  
25 .4  cm 
( $ W  f o r   F i v e   y e a r s   ( 1 5 1   F l i g h c s )  
i b l a t o r  Sub- P a n e l   I n s t a l l a t i o n  
s l a b   p n e l  a s s e m b l y  6 removal  Repair a s s u r a n c e  
125.7 ____ 27 .9   4 .4   6 .8  ____ 
120.7   1 .2   8 .7   21 .9  6.6 9 . 2  
122 .1  1 . 8  8.7 22 .4  6 . 8  10.0 
120 .7  31 .1  1 0 . 4  25 .6  6 . 8  10 .6  
124.9  8 7 8.7 2 5 . 7   7 . 0   1 2 . 1  
121 .8   112 .2  I 8 . 7  1 28 .1  I 6 .9  I 13 .0  
1 2 2 . 3   1 5 . 0   8 . 7   2 5 . 7   6 . 8   1 2 . 0  
7.7 
124 .9  1 7 . 8  1 8 .5  1 18 .0  1 6.7 1 9 . 0  
1 2 1 . 8   1 2 . 0  1:; 1 1 9 . 4  1 1:; 1 9 . 6  ~ 
122 .3   17 .2   18 .0   9 .1  
T o t a l  
- 
164 .8  
- 
168 .3  
- 






190 .7  
__ 
















Figure 8.- Relative Operational Costs of a Typical Thermal Protection 
System [12.7-cm (5 in . )  Aluminum P la t e  Subpanel] 
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TABLE 8.- TOTAL PROGRAM COSTS 
. .- . . - - - 
($M) f o r  5 y e a r s  (151 f l i g h t s )  
. . ~ ~ 
I 
I C o n f i g u r a t i o n  
- ." .. ~ ~ 
Aluminum 
p l a t e  
Magnesium 
p l a t e  
N .  A .  
______- " 





p l a t e  
Magnesium 
p l a t e  
Lockal loy 
p l a t e  25.4 c m  








Pay1oad O p e r a t i o n a l  
T o t a l  
p e n a l t y   c o s t s  
weight ,   weight   cos t s   p rogram
kg (lb) 
(27  199) l2 337 I 0 I 164.8 
(32  577) 
14  335 
(31  602)  
168.3  178.9
173.8  177.4 
13 650 
(30  092) 
1 4  587 
(32  158) 
205.2  205.2 
187 .1   194 .4
(30  882) 
14  059 
(30 994) 
190.7  191.2 
190 .5   191 .1
(37  803) 
1 5  757 
(34  738) 
154.7  231.6 
156.6  191.5 
"1 (31 14  549)  311  3.3 210.8 207 - 5  
C o n s i d e r i n g  t h e s e  items q u a l i t a t i v e l y ,  t h e  s l i g h t l y  h i g h e r  c o s t  
of d i r e c t  a t t a c h e d  magnesium  and  aluminum p l a t e  s y s t e m s  a t  12.7-cm 
( 5   i n . )   f a s t e n e r   s p a c i n g  are a t t r ac t ive  a l t e r n a t i v e s .   M e c h a n i c a l l y  
a t t a c h e d  h e a t  s h i e l d s  must b e  s e l e c t e d  p r i o r  t o  O r b i t e r  CDR t o  p e r -  
m i t  i n c l u s i o n  o f  a n c h o r  n u t s  i n  t h e  b a s i c  d e s i g n .  A d d i n g  t h i s  f a s -  
t e n e r  h a r d w a r e  a f t e r  t h e  o r i g i n a l  e n g i n e e r i n g  release becomes in- 
c r e a s i n g l y  d i f f i c u l t  and a t ' t h e  p o i n t  w h e r e  O r b i t e r  h a r d w a r e  h a s  
b e e n  f a b r i c a t e d  w i t h o u t  h e a t  s h i e l d  a n c h o r  n u t s ,  a d d i n g  t h e m  b e -  
comes p r o h i b i t i v e .  
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V I I .  DISCUSSION OF PROGRAM  RESULTS 
B a s e d  o n  h e a t  s h i e l d  w e i g h t  a l o n e ,  t h e  f i r s t  s ix  lowes t  weight  
a b l a t o r  s y s t e m s  are ranked:  
Direct bond . . . . . . . . . . . . .  12  337 kg  (27  199  lb)  
Lockal loy  subpanel  a t  1 2 . 7  cm 
(5 i n . )  . . . . . . . . . . . . . . .  13  650  kg  (30  092  lb) 
Magnesium  honeycomb a t  1 2 . 7  cm 
(5 i n , )  . . . . . . . . . . . . . . .  1 4  008  kg  (30  882  lb) 
Graph i t e  compos i t e  honeycomb a t  
1 2 . 7  cm (5 i n . )  . . . . . . . . . . .  1 4  059  kg (30 994 l b )  
Lockal loy  subpanel  a t  25.4 cm 
( 1 0  i n . )  . . . . . . . . . . . . . .  1 4  311 kg (31 549 lb) 
Magnesium p l a t e  a t  12 .7  cm ( 5   i n . ) .  . 1 4  335  kg  (31  602  lb) 
Based  on t o t a l  p r o g r a m  c o s t s ,  t h e  f i r s t  s i x  a b l a t o r  s y s t e m s  are 
ranked : 
Direct bond . . . . . . . . . . . . . . . . . . .  $164.8M 
Magnesium p l a t e  a t  12.7 c m  ( 5   i n . )  . . . . . . .  $177.4M 
Aluminum p l a t e  a t  1 2 . 7  c m  ( 5   i n . )  . . . . . . . .  $178.9M 
Magnesium  honeycomb a t  25.4 cm (10 i n . )  . . . . .  $182.9M 
Graph i t e   compos i t e  honeycomb a t  25.4 c m  ( 1 0   i n . ) .  $186.4M 
Aluminum  honeycomb a t  25.4 cm (10 i n . )  . . . . .  $186.9M 
The o n l y  repeaters i n  b o t h  l ists  are t h e  d i r e c t  bond  and t h e  
magnesium p l a t e  s u b p a n e l  a t  12.7-cm ( 5  i n . )  a t t a c h m e n t  s p a c i n g .  
W h i l e  t h e  d i r e c t  bond a b l a t o r  h a s  t h e  l o w e s t  h e a t  s h i e l d  
we igh t  and  p rogram cos t ,  t he  conce rns  wi th  dus t  con t ro l  and  min i -  
m i z a t i o n  of t u rna round  time d u r i n g  t h e  r e f u r b i s h m e n t  p e r i o d  makes 
t h e  s e c o n d  a l t e r n a t i v e  a t t r a c t i v e .  Magnesium HM-21A subpane l  a t  
12.7-cm ( 5  i n . )  f a s t e n e r  s p a c i n g  i s  less t h a n  5% h e a v i e r  t h a n  t h e  
b a s e l i n e d  RSI and only 8% h i g h e r  i n  t o t a l  p r o g r a m  c o s t  t h a n  t h e  
d i r e c t  b o n d  h e a t  s h i e l d .  
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VIII. CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
0 The d e s i g n  c r i t e r i a  f o r  a b l a t i v e  t h e r m a l  p r o t e c t i o n  s y s t e m s  
on a S p a c e  S h u t t l e  O r b i t e r  are comprehensive and complete  in  
scope .  
0 A r a n g e  o f  e n t r y  t r a j e c t o r i e s  is  a v a i l a b l e  t h a t  f u l l y  u s e s  
an  ab la t ive  TPS- -a l l  w i th in  2% g l i m i t a t i o n s .  A t  one  end of  
this spectrum is a s h o r t  time, h i g h  p e a k  h e a t i n g  ra te  e n t r y  t h a t  
would demand c o n s i d e r a b l e   u s a g e   o f   d e n s e   a b l a t o r  materials. Ex- 
t e n d i n g  t h e  t i m e  du ra t ion  o f  en t ry  r educes  the  ' hea t ing  cond i t ions  
t o  l e v e l s  w h i c h  p e r m i t s  l i g h t w e i g h t  a b l a t o r s  o v e r  most o f  t h e  
v e h i c l e .  
Direct bond ing  o f  an  a l l - ab la to r  TPS Clow d e n s i t y  SLA-561) 
t o  t h e  O r b i t e r  s t r u c t u r e  y i e l d e d  t h e  l o w e s t  TPS weight  o f  a l l  
t h e  h e a t  s h i e l d  s y s t e m s  e v a l u a t e d  [ w e i g h t  f a c t o r  (WF) = T P S ( i ) /  
TPS(RS1) = 0 .901 .  An RSI  TPS was n e x t   l o w e s t  (WF = l . o O ) ,   f o l -  
lowed  by a series o f  des igns  invo lv ing  mechan ica l ly  a t t ached  sub-  
p a n e l s  s u p p o r t i n g  SLA-561 (WF = 1 .OO t o  2 .OO)  . F a s t e n e r  s p a c i n g  
was i n f l u e n t i a l  i n  t h e  t o t a l  w e i g h t  o f  t h e  l a t t e r  d e s i g n s .  
0 A f e a s i b l e  c o s t  m o d e l ,  i n v o l v i n g  a weight  pena l ty  of  $1610/kg  
( $ 7 3 1 / l b ) ,  was de r ived  based  on  an  appor t ionmen t  o f  p rogram cos t s  
t o  t h e  f i r s t  1 5 1  f l i g h t s  (assumed  durat ion of  u t i l i z a t i o n  of a l l -  
a b l a t o r  TPS) a n d  t h e  t o t a l  p a y l o a d  w e i g h t  c a r r i e d  i n  t h e s e  f l i g h t s .  
Th i s  pena l ty  was employed i n  e v e r y  i n s t a n c e  w h e r e  t h e  t o t a l  h e a t  
sh ie ld  weight  exceeded  a g iven  parameter .  
0 The d i r e c t  bond ab la to r  sys t em had  the  lowes t  p rogram cos t  
o f  a l l  t h e  a b l a t o r  c o n f i g u r a t i o n s  e x a m i n e d  ( t h e  RSI system was 
n o t   c o s t e d ) .  No w e i g h t   p e n a l t y   ( d o l l a r s )  w a s  r e q u i r e d   f o r   t h i s  
system. 
0 The n e x t  b e s t  c o s t  a b l a t i v e  s y s t e m ,  magnesium HM-21A s u b p l a t e s ,  
d i r e c t l y  a t t a c h e d ,  w o u l d  i n c u r  $ 1 2  m i l l i o n  more t h a n  t h e  d i r e c t  
bonded  arrangement.   This w a s  c lose ly   fo l lowed   by   t he  similar 
sys t em us ing  2024-T81 aluminum ($14 m i l l i o n  more) . 
0 I n  t h e  t h r e e  c a n d i d a t e  a b l a t o r  d e s i g n s  h i g h l i g h t e d  a b o v e ,  a p -  
proximate ly  3 / 4  o f  t h e  TPS o p e r a t i o n a l  c o s t  i n v o l v e s  t h e  f a b r i -  
c a t i o n  o f  t h e - a b l a t o r  s l a b .  The o the r   qua r t e r   encompasses  as- 
s e m b l y ,   i n s t a l l a t i o n ,   r e m o v a l ,   t o o l i n g ,   r e p a i r ,   a n d   i n s p e c t i o n .  
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A t y p i c a l  TPS o p e r a t i o n a l  c o s t  i s  approximate ly  10% of t h e  t o t a l  
p r o g r a m ' s  e s t i m a t e d  o p e r a t i o n a l  c o s t .  
0 The u s e  of a n o n a b l a t o r ,  i n s u l a t i v e  material i n  t h e  g a p s  b e -  
tween  panels  tended  to  make t h e  s t r u c t u r e  a l o n g  t h e s e  l i n e s  h o t t e r  
t han  the  r ema inde r ,  as demonst ra ted  i n  a l a r g e  scale test .  
0 A test  t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  o f  e x p e r i e n c i n g  g a p  
c l o s u r e  b e f o r e  h i g h  h e a t i n g  was encountered  was inconc lus ive  be -  
c a u s e  o f  p o o r  h e a t  d i s t r i b u t i o n  i n  t h e  test assembly.  
0 A concept  of  a f a s t e n e r  d e s i g n  t h a t  w o u l d  p r o v i d e  some degree  
of  movement b e t w e e n  a b l a t o r  s u b p a n e l s  a n d  t h e  s t r u c t u r e  was es- 
t a b l i s h e d .  
0 An e a r l y  d e c i s i o n  i n  t h e  d e s i g n  of a n  a b l a t i v e  TPS must  be 
made c o n c e r n i n g  t h e  i n c o r p o r a t i o n  o f  a n c h o r  n u t s  i n  t h e  s t r u c t u r e  
o f  an  Orb i t e r  t o  accommodate f a s t e n e r s .  
Recommendations 
C o s t  r e d u c t i o n s  w i t h  r e s p e c t  t o  a b l a t i v e  s y s t e m s  s h o u l d  c o n -  
c e n t r a t e  on t h e  b a s i c  s l a b  f a b r i c a t i o n - - m a t e r i a l s ,  p r o c e s s e s ,  
i n s p e c t i o n ,  e t c .  
A d d i t i o n a l  e f f o r t  s h o u l d  b e  e x p e n d e d  t o  f i n d  a n  a c c e p t a b l e  
gap sealer ;  i . e . ,  c a u l k i n g ,  e t c .  
0 A d d i t i o n a l  i n v e s t i g a t i o n s  s h o u l d  b e  made on the  concep t  o f  
s e l f - s e a l i n g  of  g a p s  b e f o r e  t h e  h i g h  h e a t  time p e r i o d .  
The f a s t e n e r  p r e s e n t e d  s h o u l d  b e  r e e v a l u a t e d  f o r  g r e a t e r  t o l -  
e r a n c e s  a n d ,  p o s s i b l y ,  T e f l o n  c o a t i n g .  
0 The f e a s i b i l i t y  o f  r e u s e  of s i l i c o n e  a b l a t o r s  i n s t a l l e d  i n  
low hea t  r eg ions  shou ld  be  fu r the r  examined .  
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